Abstract It is thought that the growth of uterine leiomyomas may be mediated by the interaction of estrogen receptor alpha (ERα) and growth factor pathways and that phosphorylation of ERα at serine 118 (ERα-phospho-Ser118) is important in this interaction. In this study, immunoblotting and immunohistochemistry were used to investigate the expression of ERα-phospho-Ser118, phosphorylated p44/42 mitogenactivated protein kinase (phospho-p44/42 MAPK), and proliferating cell nuclear antigen (PCNA) in human leiomyoma and myometrial tissues during the proliferative and secretory phases of the menstrual cycle. We found that tumors taken from the proliferative phase expressed significantly higher levels of ERα-phospho-Ser118, phospho-p44/42 MAPK, and PCNA compared to patient-matched myometria and had significantly higher ERα-phospho-Ser118 and PCNA expression compared to secretory phase tumors. Also, enhanced colocalization and association of phospho-p44/42 MAPK and ERα-phospho-Ser118 were observed in proliferative phase tumors by confocal microscopy and immunoprecipitation, respectively. These data suggest that ERα-phospho-Ser118 may be important in leiomyoma growth and is possibly phosphorylated by phospho-p44/42 MAPK.
Introduction
Uterine leiomyomas (fibroids; myomas) are one of the most common benign gynecologic tumors in women of reproductive age. These tumors represent a significant public health problem, since they are responsible for approximately 200,000 hysterectomies per year and are the leading cause of hysterectomy in the United States [2, 15, 39] . Fibroids have also been associated with clinical disease with moderate to high frequency in women in Europe [30] , Africa [14] , and Japan [33] .
Uterine leiomyomas tend to grow during the reproductive years, but regress after menopause, suggesting that these tumors are hormonally regulated [10] . The ovarian steroid hormones, estrogen and progesterone, are believed to play an important role in the growth of uterine leiomyomas [10, 28, 31] ; however, there is increasing evidence that sex steroids are not the only modulators of leiomyoma growth [28, 35] . Studies have shown that circulating steroid hormone levels are similar in women that have or do not have leiomyomas, indicating that specific local, tissue-regulated factors maybe involved in the pathogenesis of these tumors [5] . The heterogeneity of leiomyoma growth within a given uterus, despite identical exposure of these tumors to similar circulating sex steroid concentrations, suggests the involvement of local cytokines and/or growth factors [13, 28] .
Estrogen exerts its physiological effects by binding to estrogen receptor alpha and beta (ERα and β). In addition to the traditional ERα activation (hormone binding), this receptor can be activated by growth factor signaling pathways via phosphorylation of the ERα at specific serines [11, 25] . In human breast cancer cells, it has been shown that in the presence or absence of estradiol binding, human ERα is predominately phosphorylated on Ser-118 and to a lesser extent on Ser-104 and Ser-106 [4, 7, 25] . Phosphorylation of ERα influences its activity and may lead to ERα-mediated transcription. To our knowledge, there are no studies that have reported the role of phosphorylation of ERα at Ser-118 in human or rodent uterine leiomyomas.
Progesterone has also been shown to be involved in fibroid growth, having both inhibitory and stimulatory effects on growth [8, 9, 26, 40] . Evidence shows that progesterone can induce leiomyoma cell proliferation and up-regulate the growth factor, epidermal growth factor [34] . Progesterone has also been shown to down-regulate insulinlike growth factor-I messenger RNA and protein expression in cultured leiomyoma cells [42] . There is also considerable biological evidence for "crosstalk" between the estrogen and progesterone hormone receptor signaling pathways [23] . In many cases, progestins suppress the stimulatory effects of estrogens in target tissues, although estrogen upregulates the progesterone receptor [19, 24] . In a study using tissue from women with endometrial hyperplasia, which is also a hormonally regulated disease, ERα protein expression was down-regulated after use of the progestins, levonorgestrel, and medroxyprogesterone [38] . Progesterone has been shown to have a negative effect on ERα expression [16, 24] , and ERα expression has been reported to be higher in myometrial and leiomyoma tissue from women in the proliferative versus secretory phase of the menstrual cycle based on immunohistochemisty and western blotting. The mechanisms involved in the "crosstalk" between the progesterone and estrogen hormone receptor pathways and how they interact with growth factor receptor pathways have not been fully elucidated in uterine leiomyomas.
Studies have indicated that hormones and growth factor signaling pathways are mediators of leiomyoma growth [28, 35, 37] . In uterine leiomyoma cell cultures, the mitogen-activated protein kinase (MAPK) pathway interacts with the estrogen system via the ER [1] . Constitutively activated MAPK (phospho-p44/42 MAPK) is highly expressed in leiomyoma and myometrial tissues and is increased in leiomyomas compared to normal myometrial tissues [6] . A study has indicated that MAPK activity increases in leiomyoma cells after treatment with estradiol and that an indirect interaction between the ER and growth factor pathways exists, because uterine leiomyoma cells treated with estradiol have increased secretion of plateletderived growth factor and activation of the MAPK pathway [1] . In breast cancer cells, phosphorylation of ERα at Ser-118 occurs in response to activation of MAPK (phospho-p44/42) [1, 18, 25] . To date, there are no reports of whether ERα is phosphorylated in fibroids. Furthermore, if present, the molecular mechanism(s) by which phosphorylation occurs remains to be understood.
In this study, we evaluated the expression of ERα-phospho-Ser118, phospho-p44/42 MAPK, and proliferating cell nuclear antigen (PCNA) in uterine leiomyomas and patient-matched myometrial tissue and determined if there was differential expression during the menstrual cycle phases. We also examined colocalization and the interaction of ERα-phospho-Ser118 and phospho-p44/42 MAPK in tumors versus myometrial tissue.
Materials and methods

Patients
Uterine leiomyomas (n=26) and unaffected patient-matched myometrial tissue (n=16) samples were taken from 16 premenopausal women (six for western blot analysis×one tumor each and ten for immunohistochemistry×two tumors each) who underwent hysterectomy for symptomatic fibroids. The women had not taken hormonal medication at least 3 months prior to surgery. Informed consent was obtained, and the Institutional Review Board of the NIEHS NIH approved the study. All uterine leiomyoma and unaffected myometrial samples were confirmed by histological evaluation. The menstrual cycle phases were determined as either proliferative or secretory based on endometrial histology (case 11) or menstrual cycle history (cases 1-10 and 12-16) for each patient (Table 1 ). All patients had multiple fibroids that were typical in histomorphology and located in the intramural (60%), subserosal (25%), or submucosal (15%) regions of the myometrium. Tumor sizes were classified as <2 cm (n=10) or ≥2 cm (n=10) ( Table 1) , and the age of the patients ranged from 41 to 47 years, with a mean age of 43.5 years.
Western blotting
Western blotting was performed to detect ERα-phosphoSer118 expression in the leiomyoma and patient-matched myometrial tissue lysates, which were taken from six women in the proliferative (three) and secretory (three) phases of the menstrual cycle. Aliquots of 30 μg of protein were electrophoresed on a 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA, USA) under reducing conditions as previously described [37] . The proteins were electrotransferred onto 0.45 μm polyvinylidene fluoride membranes (Immobilon-P, Millipore, Bedford, MA, USA). Blots were incubated with a mouse monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) against ERα-phospho-Ser118 diluted at 1:500. Antibody binding was detected with horseradish peroxidase-conjugated anti-mouse (Amersham Biosciences, Arlington Heights, IL, USA) diluted at 1:2,000. Antigenantibody complexes were detected with the ECL western blot detection system (Amersham Biosciences). A densitometer (Fluor Chem™8900, Alpha Innotech, San Landro, CA, USA) was used for quantitation of ERα-phospho-Ser118 band densities.
Immunohistochemistry
ERα-phospho-Ser118, ERα, and phospho-p44/42 MAPK expression Uterine leiomyoma (20) and myometrial (10) tissue samples were fixed overnight in 10% neutral-buffered formalin. Tissues were then processed through a graded series of alcohols, embedded in paraffin, sectioned at 6 μm, and mounted onto charged glass slides (ProbeOn Plus, Fisher Scientific, Pittsburgh, PA, USA). Tissues were deparaffinized, and endogenous peroxidase activation was blocked using 3% H 2 O 2 for 15 min at room temperature. Antigen retrieval was performed by microwaving for 10 min (ERα and ERα-phospho-Ser118 staining) or by incubation for 20 min in a decloaker (phospho-p44/42 MAPK staining). Tissues were blocked using normal horse or goat serum at room temperature for 1 h. The tissues used for ERα and ERα-phospho-Ser118 were additionally blocked using an Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA). Tissues were incubated with phospho-estrogen receptor α (Ser-118) monoclonal antibody (1:30 dilution), estrogen receptor monoclonal antibody (1:25 dilution; Immunotech Beckman Coulter, Fullerton, CA, USA), or phospho-p44/42 MAPK polyclonal rabbit IgG (1:50 dilution; Cell Signaling Technology) overnight at 4°C. Negative controls consisted of normal mouse or rabbit serum at a concentration the same as the respective primary antibody. The tissues were incubated in the secondary antibody (horse anti-mouse or goat anti-rabbit; Elite Vectastain ABC Kit, Vector Laboratories) for 30 min at room temperature. Immunoreactive complexes were detected by avidin-biotin affinity system (Elite Vectastain ABC Kit, Vector Laboratories) and visualized using 3,3′-diaminobenzidine tetrahydrachloride substrate chromogen system (Dako Cytometry, Carpinteria, CA, USA). Tissues were counterstained with Mayer's hematoxylin (Poly Scientific, Bay Shore, NY, USA), dehydrated, coverslipped, and observed by light microscopy.
A semiquantitative method described by Detre et al. [12] , which incorporates the overall percent of positive staining and intensity of immunostaining, was used for assessing ERα-phospho-Ser118, ERα, and phospho-p44/42 MAPK protein expression in leiomyoma and myometrial tissue samples. Slides were evaluated blindly with a light microscope and a ×20 objective. Quickscores were assigned independently by two scorers and then averaged to obtain a mean quickscore. Sections were scanned at ×40 using an Aperio ScanScopeXT model (Aperio Technologies, Vista, CA, USA).
Proliferating cell nuclear antigen (PCNA) labeling
For PCNA staining, the deparaffinization and rehydration were done similarly to the immunohistochemical procedures described above. After inactivation of endogenous peroxidases, antigen retrieval was performed by microwaving the samples for 10 min in dH 2 0. Samples were blocked using 0.5% milk for 20 min and then a primary antibody, monoclonal mouse anti-PCNA IgM (1:500 dilution; Chemicon, Temecula, CA, USA), was placed on the tissues for 1 h at room temperature. After rinsing, the tissues were incubated with a secondary antibody (Biotin-SP-conjugated AffiniPure Goat anti-mouse IgM, μ chain specific; Jackson Immunoresearch, West Grove, PA, USA) for 30 min at room temperature. Tissues were labeled with supersensitive conjugated streptavidin peroxidase (BioGenex, San Ramon, CA, USA). Immunoreactive complexes were visualized, and tissues were counterstained and coverslipped using the procedures mentioned in the previous section.
The percentage of PCNA labeling in the tissue samples was later determined using a light microscope, ×40 objective and an ocular grid. Approximately eight to 12 high power fields per tissue section were counted to reach a total cell count of 1,000 cells in uterine leiomyoma and myometrial tissues. Nuclei that stained intensely brown were counted as positive. Percent PCNA labeling was determined by the number of cells having positively stained nuclei divided by 1,000 cells (labeled and unlabeled) and multiplied by 100. A mean percent PCNA labeling was determined by averaging the numbers from the independent scorers.
Immunoflourescence
Frozen samples of uterine leiomyoma and patient-matched myometrial tissue were sectioned at 5 μm, thawed for 15 min at room temperature, and fixed in 4% paraformaldehyde at 4°C for 10 min followed by −20°C methanol for 20 min. The sections were then blocked for 1 h in 5% milk, 1% BSA, and 1.5% normal goat serum (Vectastain Kit) in 1× automation buffer. Tissues were incubated in primary antibodies for both ERα-phospho-Ser118 and phosphop44/42 MAPK together overnight (4°C) at dilutions as stated above in the "Immunohistochemistry" section. The sections were then incubated with Alexa Fluor 488 goat anti-mouse IgG (green fluorescence) and Alexa Fluor 594 goat anti-rabbit IgG (red fluorescence; Molecular Probes, Carlsbad, CA, USA) for 45 min at room temperature in the dark. Tissues were counterstained using 4′, 6-diamidino-2-phenylindole (DAPI; Molecular Probes, Carlsbad, CA, USA) in the dark for 30 min at room temperature. Sections were coverslipped with aqueous anti-fade fluorescent mounting medium (Vector Laboratories). The tissue sections were observed with a laser scanning confocal microscope (LSM 510 UV mounted on Axiovert 100M microscope, Carl Zeiss) and analyzed using LSM Image Examiner v3.2 software.
Immunoprecipitation
To assess the association of ERα-phospho-Ser118 and phospho-p44/42 MAPK in myometrial and leiomyoma tissues, phospho-p44/42 MAPK was immunoprecipitated and immunoblotted for ERα-phospho-Ser118 and phosphop44/42 MAPK (as a control). Aliquots of 500 μg of leiomyoma and myometrial tissue lysates were cleared by adding 50 μL of Protein A-Sepharose beads (Zymed Laboratories, San Francisco, CA, USA) and incubated for 30 min at 4°C with gentle rotation. The protein lysates were immunoprecipitated with 5 μg of phospho-p44/42 MAPK polyclonal rabbit antibody (Cell Signal Technology) overnight at 4°C with gentle rotation. Protein A-Sepharose beads (50 μL) were added to each tube, the mixtures were incubated overnight at 4°C, and the immune complexes were collected by centrifugation. The beads were washed with RIPA buffer (10 mL of 50 mM Tris HCL pH 7.4 with 150 mM NaCL, 1 mM EGTA, 1 mM NaF, and 1% triton X 100, 250 μL of 10% sodium deoxycholate, 50 μL of 200 mM activated sodium vanadate, 50 μL of 10 mM sodium molybdate, 20 μL of aprotinin and leupeptin, and 20 μL of 2 μg/mL of A-PMSF), and the supernatant was discarded. The sepharose beads were resuspended in 30 μL of Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) and then centrifuged. Amounts of 15 μL of the supernatant were used for western blotting as previously described (mouse monoclonal ERα-phospho-Ser118 antibody at 1:500 dilution and rabbit polyclonal phospho-p44/ 42 MAPK antibody at 1:1000 dilution (Cell Signaling Technology)). Antibody binding was detected with horseradish peroxidase-conjugated anti-mouse and anti-rabbit (Amersham Biosciences) diluted at 1:2000. Antigenantibody complexes were detected with an ECL western blot detection system (Amersham Biosciences).
Statistics
Statistical comparisons were performed for mean of quickscores and intensities for western blot bands of uterine leiomyoma and patient-matched myometrial samples. Significant differences were determined using Wilcoxon signed ranks tests (p≤0.05) and Mann-Whitney tests (p≤0.05).
Results
ERα-phospho-Ser118 expression by western blot and densitometry
Western blot analysis showed significantly increased expression of ERα-phospho-Ser118 in uterine leiomyomas compared to myometrial samples from the proliferative phase ( Fig. 1a and b) . The overall mean expression of ERα-phospho-Ser118 was slightly higher in uterine leiomyomas from the secretory phase compared to myometrial samples, although this difference was not significant (Fig. 1a and b) .
Also, ERα-phospho-Ser118 expression was higher in both tumors and myometrial samples from the proliferative phase compared to those from the secretory phase (Fig. 1a and b) .
ERα phospho-Ser118 and ERα expression by immunohistochemistry
Proliferative phase
Immunohistochemistry confirmed that leiomyoma samples from the proliferative phase had increased protein expression of ERα-phospho-Ser118 compared to matched myometrial tissue (Fig. 2) . ERα-phospho-Ser118 was expressed in the nuclei of myometrial and leiomyoma cells (Fig. 2a and b) . Also in this phase, ERα expression was increased in the tumors compared to myometrial tissue and was expressed predominantly in the nuclei of myometrial and leiomyoma cells with minimal staining in the cytoplasm (Fig. 2c and d) . Scores of immunostaining intensity showed significant differences in ERα-phospho-Ser118 expression in myometrial versus leiomyoma samples with mean quickscores of 2.4±1.0 and 8.0±1.3, respectively (Fig. 2e) . Mean quickscores for ERα immunoexpression in myometrial and leiomyoma samples were 7.7±2.0 and 16.6±0.6, respectively (Fig. 2e) .
Secretory phase
Both leiomyoma and myometrial tissues from the secretory phase showed expression of ERα-phospho-Ser118 (Fig. 3) ; however, ERα-phospho-Ser118 expression was significantly lower in the myometrium (0.1±0.1) compared to leiomyoma (3.6±0.5) tissues (Fig. 3a and b) . ERα expression was also significantly lower in myometrial tissue compared to leiomyomas (myometrium=6.4±1.3; leiomyoma=12.7± 2.2; Fig. 3e) .
When ERα-phospho-Ser118 expression in leiomyomas from the secretory phase was compared to those from the proliferative phase, we found that ERα-phospho-Ser118 was expressed at significantly higher levels in the leiomyomas from the proliferative (8.0±1.3) versus secretory (3.6±0.5) phase (Figs. 2e and 3e) . Also, no significant differences in ERα and ERα-phospho-Ser118 immunoexpression were observed between small leiomyomas (<2 cm) and large leiomyomas (≥2 cm) when tumors from both phases were combined or evaluated independently by phase (data not shown).
Expression of phospho-p44/42 MAPK by immunohistochemistry
Due to increased expression of ERα-phospho-Ser118 in leiomyomas, we evaluated phosphorylated p44/42 MAPK (phospho-p44/42 MAPK) expression in leiomyomas and myometrial tissue samples from the same ten patients used for the ERα and ERα-phospho-Ser118 studies (Fig. 4) . Overall, phospho-p44/42 MAPK was expressed in the nuclei of myometrial and leiomyoma cells (Fig. 4a and b) . In the proliferative phase, phospho-p44/42 MAPK was expressed at significantly higher levels in leiomyomas (9.2± 2.4) compared to myometrial (4.8±2.3) tissues (Fig. 4c) . No significant difference was observed in the expression of phospho-p44/42 MAPK in myometrial (4.4±1.4) and leiomyoma (4.4±0.9) samples from women in the secretory phase. Although phospho-p44/42 MAPK was higher in leiomyomas from the proliferative phase, when mean expression data were compared between the two phases, there was no statistical difference in expression. Interestingly, a significant difference (p≤0.05) in phospho-p44/42 MAPK immunoexpression was observed between myometrial samples and small leiomyomas (≤2 cm) from the proliferative phase (4.8±2.3 and 11±3.1, respectively). Colocalization of ERα-phospho-Ser118 and phospho-p44/42 MAPK To determine if significantly increased levels of ERα-phospho-Ser118 and phospho-p44/42 MAPK observed in the tumors from the proliferative phase were colocalized, we conducted immunoflourescence and confocal microscopy studies to evaluate the localization of ERα-phospho-Ser118 ( Fig. 5a and b) and phospho-p44/42 MAPK (Fig. 5c and d ) in tumor and myometrial tissues from the proliferative phase. Both ERα-phospho-Ser118 and phospho-p44/42 MAPK were present in the nuclei of myometrial and leiomyoma tissue samples (Fig. 5a,b,c,d ). Colocalization was more apparent in the nuclei of leiomyoma cells compared to myometrial cells in tissue samples (Fig. 5e and f) .
Immunoprecipitation of ERα-phospho-Ser118 and phospho-p44/42 MAPK To show the interaction of ER-phospho-Ser118 and phospho-p44/42 MAPK in myometrial and leiomyoma tissues from the proliferative phase, phospho-p44/42 MAPK was immunoprecipitated from myometrial and leiomyoma tissues and then immunoblotted for ER-phosphoSer118 and phospho-p44/42 MAPK (control; Fig. 6 ). There was an increased association of ERα-phospho-Ser118 and phospho-p44/42 MAPK in leiomyomas compared to myometrial tissue.
Proliferating cell nuclear antigen (PCNA) labeling
Based on our findings of increased ERα-phospho-Ser118 expression in leiomyomas and the abundant association and colocalization of phospho-p44/42 MAPK and ERα-phospho-Ser118 in tumors during the proliferative phase, we conducted PCNA labeling studies to assess whether there would be differential expression of this cell proliferation marker in tumors versus myometrial samples from the proliferative and secretory phases. PCNA was highly expressed in tumors compared to myometrial tissue in both the proliferative and secretory phases with more expression in the proliferative phase tumors compared to those from the secretory phase (Fig. 7a-d) . We found that the mean PCNA labeling indices were significantly higher in tumors versus myometrial tissue in both the proliferative and secretory phases of the menstrual cycle (Fig. 7e) . Also, PCNA labeling in tumors from women in the proliferative phase was significantly higher than in tumors from the secretory phase (28.60±3.20 and 18.39±3.20, respectively). No significant differences were observed in the PCNA labeling in small leiomyomas (<2 cm) compared to large (≥2 cm) leiomyomas when combined or evaluated independently by phase, although in both phases, the mean labeling indices were higher in the smaller leiomyomas. 
Discussion
To our knowledge, this is the first study to evaluate ERα-phospho-Ser118 expression in uterine leiomyomas. These data show that ERα is a phosphoprotein that is phosphorylated at serine 118 residues in uterine leiomyomas. Phosphorylation of ERα at serine 118 has been extensively studied in breast cancer cells and is enhanced in response to estradiol binding and through the action of second messenger signaling pathways [25] . Previous in vitro and in vivo studies have demonstrated that ERα is phosphorylated at serine 118 in the presence or absence of estradiol and by growth factor peptides and their receptors through activation of the MAPK (ERK 1/2) pathway, which can lead to transcription [7, 11] . ERα from calf uterus is phosphorylated at serine residues in response to estradiol [11] . Also, phosphorylation of mouse uterine ERα at serine residues is enhanced in response to estrogen [41] .
In our study, ERα-phospho-Ser118 immunoexpression was significantly higher in tumors from women in the proliferative phase of the menstrual cycle compared to those in the secretory phase, although expression was present in tumors and significantly higher than the myometrium in samples from both the secretory and proliferative phases. Increased phosphorylation of ERα at serine 118 observed in tumors from the proliferative (estrogen dominant) phase may indicate that phosphorylation may be regulated by higher concentrations of estrogen and lower concentrations of progesterone. There is evidence suggesting that estradiol can increase the expression of ERα-phospho-Ser118 in breast cancer cells [7] . Estrogen has also been shown to increase uterine leiomyoma cell proliferation and progesterone receptor mRNA and protein expression [1, 16, 19] , whereas progesterone has been shown to have a dual effect on the growth of uterine leiomyomas by decreasing and increasing the size of some fibroids through regulation of the local growth factor milieu in women treated with the progestin, levonorgestrel [27] . In our study, the phosphorylation of ERα was lower in the secretory phase where progesterone is the dominant hormone. Also, other studies comparing estrogen receptor protein expression in leiomyomas from women in the proliferative and secretory phases have shown that ER was expressed at lower levels during the secretory phase. This supports the concept that progesterone may be decreasing the levels of ERα, thereby making less receptor available for phosphorylation [3, 22, 43] .
In this study, we used immunohistochemistry and found nuclear expression of phospho-p44/42 MAPK to be significantly increased in leiomyomas compared to myometrial tissue from the proliferative phase of the cycle. Chegini et al. have demonstrated that phospho-p44/42 MAPK is expressed more in leiomyomas compared to myometrial tissue, but this difference was not significant, and no menstrual phase data were reported in their study. In our study, there was no significant difference in phosphop44/42 MAPK expression in tumors in the secretory phase compared to patient-matched myometrial samples, and when tumors from both phases of the cycle were combined, this resulted in a lack of significance of expression of phospho-p44/42 MAPK in leiomyoma versus myometrial tissue. This is most likely due to significant phospho-p44/ 42 MAPK expression being phase specific and could be missed if data from the two phases are combined.
In breast cancer cells, phospho-p44/42 MAPK has been found to phosphorylate the ER at serine 118 in response to estrogen [7] . In this study, we found higher expression and colocalization of phospho-p44/42 MAPK and ERα-phosphoSer118 in leiomyomas from the proliferative phase, which is the phase of the cycle where the estradiol/progesterone ratio is high. These data imply that in leiomyomas, phospho-p44/42 MAPK may be the kinase that phosphorylates the ER at serine 118, and this phosphorylation may be enhanced during the proliferative phase by higher concentrations of estradiol and lower concentrations of progesterone.
Previously, we found PCNA expression to be significantly higher in leiomyomas than in matched myometrial samples [13] . In this study, PCNA expression was also significantly higher in leiomyomas than in matched myometrial samples. On average, PCNA labeling was 0.77% in the myometrium and 23.50% in leiomyomas. PCNA labeling of cells in tumors from women in the proliferative phase (28.60%) was significantly higher compared to tumors from women of the secretory phase (18.39%). These data show that leiomyomas proliferate at a higher rate than normal myometrium and that proliferation is increased in tumors from the proliferative phase compared to those from the secretory phase of the menstrual cycle. The PCNA labeling indices in this study were higher compared to the values from a previous study, which was most likely due to the increased sensitivity of the primary antibody used in this study compared to our earlier studies. More importantly, however, the overall trend of increased PCNA labeling in leiomyomas versus myometria and increased labeling of proliferative phase tumors versus secretory phase are in agreement with our earlier findings and others, respectively [13, 20] . Also, although PCNA labeling was increased overall in the leiomyomas, there was variation of PCNA expression between tumors from individual women, which supports the importance of hormones in upor down-regulating local cytokines and growth factors that in turn may control autonomous tumor growth. In this study, it appears that phosphorylation of ER at serine 118 is a predominant feature of the proliferative phase, and this may be an important factor in increased transcription, translation, and proliferation observed in uterine leiomyomas during this phase.
No significant differences in ERα-phospho-Ser118, ERα, and PCNA immunoexpression were observed between small leiomyomas and large leiomyomas when tumors from both phases were combined or evaluated independently by phase, which may be due to the abundant amount of extracellular matrix proteins that is involved in the expansion of fibroids [36] . Many uterine leiomyomas contain an abundant amount of fibrous connective tissue and extracellular matrix proteins (collagen, proteoglycans, and fibronectin) [36] . ERα-phospho-Ser118, ERα, and PCNA are expressed predominantly in the nuclei of smooth muscle tumor cells, which may not be the main contributor to size in larger leiomyomas containing an abundance of extracellular matrix proteins.
In summary, the mechanisms whereby ER and growth factor signaling pathways interact and promote leiomyoma growth are not known and have not been widely studied. In this study, we found that ERα-phospho-Ser118 and phospho-p44/42 MAPK protein expression levels were significantly increased independently and highly coexpressed in leiomyomas from women in the proliferative phase of the menstrual cycle compared to myometrial tissue samples. In addition, leiomyomas from the proliferative phase had significantly increased PCNA labeling compared to patient-matched myometrial tissue samples and tumors from the secretory phase.
Our data suggest that there are interactions between ER and growth factor signaling pathways in uterine leiomyomas. Also, these data show that ERα may be phosphorylated by phosphop44/42 MAPK at Ser-118 and possibly play an important role in the growth of fibroids. Additionally, the expression of ERα-phospho-Ser118 may be, in part, regulated by high amounts of estrogen and low amounts of progesterone. To provide further evidence that ERα may be phosphorylated by phospho-p44/42 MAPK at Ser-118 in fibroids, immunoprecipitation assays were done and showed an increased association of ERα-phospho-Ser118 and phospho-p44/42 MAPK proteins in leiomyomas compared to myometrial tissue. The pathways involved in phosphorylation of ERα in uterine leiomyomas have not been studied. In Fig. 8 , we propose a possible mechanism of interaction between the ERα and growth factor signaling pathways and the regulation of these pathways by estradiol (E 2 ) and progesterone (P 4 ), which is highly supported by the data reported in this paper. This schematic shows that activation of ERα via phosphorylation at serine 118 by phospho-p44/42 MAPK is regulated by E 2 (positively) and P 4 (positively or negatively) through the up- Fig. 8 Proposed pathway for the interaction between ERα and growth factor (GF) signaling pathways and regulation by estradiol (E 2 ) and progesterone (P 4 ). The ERα is activated by classical E 2 binding and/or by phosphorylation at serine 118 by activated MAPK. Activated ERα then activates gene transcription and translation of a GF. The GF will bind to its receptor (GFR), and the activated GFR will in turn activate the MAPK pathway, which can result in proliferation and also possible phosphorylation of ERα at serine 118. E 2 can up-regulate GFs and GFRs with an increase in downstream MAPK activation and possible ERα-phospho-Ser118 phosphorylation, whereas P 4 can decrease or increase ERα, GF, and GFR production, which in turn results in up-or down-regulation of activated MAPK and ERα-phospho-Ser118 expression or down-regulation of local cytokines, growth factors, and growth factor receptors [17, 21, 29, 32] . Future studies are underway to test this hypothesis.
